Sexual-selection theory assumes that there are costs associated with ornamental plumage coloration. While pigment-based ornaments have repeatedly been shown to be condition dependent, this has been more difficult to demonstrate for structural colours. We present evidence for condition dependence of both types of plumage colour in nestling blue tits (Parus caeruleus). Using reflectance spectrometry, we show that blue tit nestlings are sexually dichromatic, with males having more chromatic (more 'saturated') and ultraviolet (UV)-shifted tail coloration and more chromatic yellow breast coloration. The sexual dimorphism in nestling tail coloration is qualitatively similar to that of chick-feeding adults from the same population. By contrast, the breast plumage of adult birds is not sexually dichromatic in terms of chroma. In nestlings, the chroma of both tail and breast feathers is positively associated with condition (body mass on day 14). The UV/blue hue of the tail feathers is influenced by paternally inherited genes, as indicated by a maternal half-sibling comparison. We conclude that the expression of both carotenoid-based and structural coloration seems to be condition dependent in blue tit nestlings, and that there are additional genetic effects on the hue of the UV/blue tail feathers. The signalling or other functions of sexual dichromatism in nestlings remain obscure. Our study shows that nestling blue tits are suitable model organisms for the study of ontogenetic costs and heritability of both carotenoid-based and structural colour in birds.
INTRODUCTION
Sexual dimorphism is common in nature and often attributable to sexual selection (Andersson 1994) . This is particularly true for sexual dimorphism in ornaments, such as horns and antlers in mammals and colourful plumages and long tails in birds, where the exaggerated dimorphic traits are used predominantly in the competition over mates (Andersson 1994) . Indicator models of sexual selection assume that ornaments are costly to produce or maintain (Zahavi 1975; Andersson 1986; Grafen 1990) , and there is extensive empirical evidence for this from many taxa (Andersson 1994) .
In birds with ornamental plumage colours, the evidence for production costs differs depending on the type of colour mechanism involved. The development of carotenoidpigmented plumage (yellow, orange and red plumages) is believed to be costly because birds cannot synthesize these pigments but have to obtain them through the diet (Brush 1981) . Furthermore, carotenoids are known to have important functions in many physiological processes (e.g. as antioxidants and as precursors of vitamin A), resulting in a potential trade-off between irreversible feather-pigment deposition and the need for carotenoids elsewhere in the body (Olson & Owens 1998) . Accordingly, several avian studies have documented food-limited expression (e.g. Slagsvold & Lifjeld 1985; Hill et al. 2002) and condition dependence (e.g. Hill & Montgomerie 1994; Thompson et al. 1997 ) of carotenoid signals. The costs of producing structural colours (e.g. ultraviolet (UV), violet and blue plumages) are less obvious, but may be found in the ontogenetic costs or constraints on the formation of a regular 'spongy structure', the fine network of air channels separated by keratin rods that is responsible for the coherent scattering of short wavelengths (Dyck 1971; Andersson 1999; Prum et al. 2003) . A relationship between condition and the expression of structural plumage coloration has so far been found in only two studies (Keyser & Hill 1999; Doucet 2002) .
A further requirement of indicator models is that the sexually selected traits show heritable genetic variation (Andersson 1994 ). Yet, the genetic contribution to sexually selected plumage ornaments is not well documented (see recent review by Merilä & Sheldon (2001) ). For bird species in which extra-pair paternity occurs, comparisons of maternal half-siblings can be used to determine whether offspring traits are influenced by paternal genes (Merilä & Sheldon 2001 ). To our knowledge, only three avian studies have used this approach (Sheldon et al. 1997; Sheldon 1999; Johnsen et al. 2000) . In this study, we investigate the influences of condition and paternal genes on the expression of UV/blue and yellow plumage colours in nestling blue tits (Parus caeruleus).
In many bird species with sexual size dimorphism, the difference is already present in the nestling stage (e.g. Smith et al. 1989; Merilä & Svensson 1997) , where its ontogeny and response to selection has been studied in detail (see Badyaev (2002) for a recent review). The early occurrence and development of sexual dichromatism have rarely been investigated. In tits (Paridae), the nestling plumage resembles the adult plumage (Cramp & Perrins 1993) , and in the only study of nestling sexual dichromatism to date, Slagsvold & Lifjeld (1985) found that male great tit (Parus major) nestlings have higher yellow chroma than female nestlings. Furthermore, it was shown that the yellow plumage pigments derived from ingested green lepidopteran larvae, which contained large amounts of the carotenoids lutein and zeaxanthin (Slagsvold & Lifjeld 1985; Partali et al. 1987) , thus suggesting a potential nutritional constraint and mediation of signal honesty.
Adult blue tits are sexually dichromatic, with a major part of the sex difference being confined to the humaninvisible UV part of the spectrum Hunt et al. 1998) . The structural blue coloration is more UV shifted and more chromatic (i.e. higher chroma or saturation) in males than in females. In addition, Ö rnborg (2002) recently showed that there are sexual differences in the carotenoid-based yellow coloration of the breast and flank, with males being more chromatically yellow than females. There is experimental evidence that the UV/blue plumage of males is subject to sexual selection through female choice (Hunt et al. 1999; Sheldon et al. 1999) , and the yellow plumage has been suggested to signal male parental abilities (Senar et al. 2002) . Blue tit nestlings develop yellow breast feathers, and tail and wing feathers that appear blue to the human eye (Cramp & Perrins 1993) . There is extensive individual variation in colour, and some of this variation is related to sex. With some experience, it is possible to sex ca. 80% of the nestlings by visual inspection of whole broods (Kempenaers et al. 1997 ). We present analyses of the plumage coloration of blue tit nestlings, measured just before fledging (19 days old), and adults captured during chick feeding. Our aims were: (i) to describe objectively the colour variation and sexual dichromatism in blue tit nestlings using reflectance spectrometry; (ii) to investigate whether nestling plumage coloration is condition dependent; and (iii) to test whether there are genetic components in the expression of coloration. While condition dependence is difficult to demonstrate for blue tit adults because the birds are generally not available for measurements during the moult, nestlings are highly suitable as models in investigations of the development of coloration because they can be measured during the time when their colourful plumage is developing.
MATERIAL AND METHODS

(a) General methods
The fieldwork was conducted in 2001 in a colour-banded blue tit population breeding in nest-boxes in a mixed deciduous forest at Kolbeterberg, Vienna, Austria (48°139 N, 16°209 E). Adults were caught in the nest-boxes while feeding 9-day-old nestlings, aged (either 1 year or older) and sexed based on the presence or absence of a brood patch, and their plumage colour was measured with a spectroradiometer (see § 2b). On day 14 (day 1 being the day of hatching), nestlings were banded and measured (tarsus length and body mass) and a small blood sample (5-25 m l) was taken for molecular parentage determination and sexing. On day 20, we measured nestling wing length, body mass and coloration (see § 2b), and plucked a tail feather (third from the right). The total length of the tail feather and the lengths of the shaft and vane were measured with a slide calliper.
We sampled 495 nestlings from 51 broods on day 14. The sample was reduced to 365 nestlings from 40 broods on day 20 owing to predation and early fledging.
We used body mass on day 14 as a measure of body condition for the following reasons. First, nestling body mass has been shown to correlate with survival in several bird species, including the blue tit (Nur 1984; Tinbergen & Boerlijst 1990) . Second, even though the brood means of body mass on day 14 were correlated with those on day 20 (n = 40, r = 0.68, p , 0.001), we preferred the former because we wanted an estimate of condition during early feather development. Third, by using an absolute measure of body mass, we avoid the statistical problems associated with using residuals (Green 2001) , although using relative body mass (residuals from a regression of log (body mass) on 3´log (tarsus length)) did not produce qualitatively different results (data not shown).
(b) Colour measurements
Reflectances from the breast and the upper tail were measured in the 300-700 nm spectral range with an Ocean Optics S2000 spectrometer, with illumination by a TOP Sensor Systems deuterium-halogen lamp DH-2000, both connected to the sensor by a bifurcated fibre optics cable. The sensor, providing unidirectional illumination and measurement, was held at 90°to the surface. Reflectance was expressed relative to a WS-2 white reflection standard (TOP Sensor Systems). Scans were taken from five different spots on both the upper breast (two on each side and one in the middle) and on the upper tail (aiming for the most colourful parts), respectively. Based on these measurements, we computed objective indices of the three main dimensions of colour perception: brightness (spectral intensity), hue (spectral location) and chroma (spectral purity or saturation) (Hailman 1977) . For both the breast and the tail plumage, we used average reflectance, R 320-700 , as a measure of brightness. For the yellow breast plumage, chroma was estimated by (R 700 -R 450 )/R 700 , which should directly indicate the influence of carotenoids (since these absorb most strongly at 450 nm). A more general chroma measure, (R max 2R min )/R average , was used for the tail plumage. To estimate the hue of the tail feathers, we used l(R max ), the wavelength of peak reflectance. We did not estimate the hue of the yellow breast feathers, because of the double peaked nature of these spectra . We focused on the adult-resembling tail feathers because the crown feathers of juveniles are greenish-grey and do not resemble the brilliant blue crown feathers of adults, which have been the focus of most studies on blue tit plumage coloration (e.g. Andersson et al. 1998; Hunt et al. 1998) .
We measured the plumage colour of 352 nestlings (188 males and 164 females) in 38 broods, and 106 adults (50 males and 56 females). The adult sample was balanced with respect to age (males: 25 juveniles and 25 adults; females: 26 juveniles and 30 adults), and we pooled the age classes in analyses of adult sex differences in plumage.
The timetable for feather development in nestling blue tits has been described in detail by Schoppe (1977) . Of relevance to this study, the breast feather pins start to appear around days 6-7 and those of the tail appear around days 6-9. The breast feathers then emerge from the pins between days 7 and 10, whereas the tail feathers emerge between days 8 and 10. The colourful parts of the tail feathers appear from around day 15, and can be measured only close to fledging. In our study population, the majority of chicks fledged on day 21. The post-juvenile moult is partial and starts around the age of two months (Cramp & Perrins 1993) . All breast feathers are moulted whereas a variable number of juvenile tail feathers are retained in the first breeding plumage (Cramp & Perrins 1993) .
(c) Paternity analysis
Six polymorphic microsatellite markers (PC3, 7 and 9 (Dawson et al. 2000) , Pocc1 and 6 (Bensch et al. 1996) and Phtr3 (Fridolfsson et al. 1997) ) were used to determine the paternity of 505 offspring (480 nestlings and 25 unhatched eggs) in 48 broods (three of the above-mentioned 51 broods had unknown social males and were not included in the paternity analysis). The combined probability of exclusion ( Jamieson 1994) for the marker set was more than 0.999. Paternity was excluded if there were mismatches at two or more loci between putative fathers and offspring. In 437 cases, there was no (n = 429) or one (n = 8) mismatch with the social father. For these offspring, the average ± s.d. probability of false inclusion ( Jeffreys et al. 1992) was 9.8´10 2 5 ± 3.4´10 2 4 (range of 4.0´10 2 9
24.6´10 2 3 ) and we conclude that they were sired by the social male. The remaining 68 offspring showed two or more mismatches with the putative father and were thus sired by extra-pair males. For 49 of these, an alternative male matched the paternal genotype completely, and in one case, there was one mismatch with a putative extra-pair sire. In the latter case, the same male was the unequivocal sire of another offspring in the same nest, and we assign both offspring to this male. The average ± s.d. probability of false inclusion was 1.2´10 2 4 ± 5.6´10 ) for the 50 assigned extra-pair offspring. The remaining 18 extra-pair offspring were sired by unknown males. Thirteen out of the 17 identified extra-pair males had paternity in one extra-pair nest, whereas the remaining four males had paternity in two (n = 2), three (n = 1) and four nests (n = 1). There was one case of reciprocal paternity exchange. The total frequency of extra-pair paternity was 13% (68/505) of offspring in 58% (28/48) of the broods.
(d ) Molecular sexing
We used the Phtr3 microsatellite marker, which shows Zlinked inheritance (i.e. females display only one allele; Fridolfsson et al. 1997) , to sex 83% of the nestlings. To sex the remaining birds, we used the primers P2 and P8 , which amplify two homologous genes: CHD1W on the W chromosome and CHD1Z on the Z chromosome.
(e) Statistical analysis
We used mixed models (with nest-box as the random effect) to investigate the relationship between body condition and coloration. The length of the tail feather vane was also entered in models where tail feather characteristics were used as response variables, to control for feather development. Restricted maximum likelihood (REML) was used owing to the unbalanced structure of the data. We inspected residual plots and normal probability plots for unequal variance and deviations from normality among residuals to verify the validity of the final model. Tail chroma was log-transformed to normalize the residuals.
We tested for genetic effects on the expression of nestling plumage coloration by comparing maternal half-siblings (Falconer & Mackay 1996; Merilä & Sheldon 2001 ). Mixed models with REML were performed to test for box (rearing environment and parental effects) and sire effects, and to calculate variance components. Colour parameters were standardized (mean = 0, s.d. = 1) within each sex, so that we could pool the Proc. R. Soc. Lond. B (2003) sexes in the analyses of genetic effects. The sample contained 20 broods with mixed paternity from which we had colour measurements of both categories of offspring. In 16 of these broods, all extra-pair young were sired by a single male. In the remaining four broods, two (n = 2) or three (n = 2) extra-pair fathers were identified. We pooled extra-pair offspring sired by different males in the analyses. The conclusions remain the same when the analyses are restricted to the 16 broods with only one extra-pair sire (data not shown).
One brood contained only females and was therefore not included in paired t-tests of within-brood sex differences.
The analyses were performed using Genstat 6.0 and SPSS 11.0. Results are presented as mean ± s.e.
RESULTS
(a) Adult plumage characteristics in relation to sex Tail coloration in adults resembled the crown Hunt et al. 1998) in the degree of sexual dichromatism (table 1; figure 1a). Males had more chromatic UV-blue coloration with a shorter-wave peak than females (i.e. more UV-shifted). There were no differences in brightness. The yellow breast plumage was not sexually dichromatic in brightness or chroma (table 1; figure 1b).
(b) Nestling characteristics in relation to sex
There were large sex differences in several of the colour variables within broods of 19-day-old nestlings. Males were more chromatic than females and showed a more UV-shifted hue in the coloration of the tail feathers (table 1; figure 1a) . Furthermore, the yellow breast plumage was more chromatic in males (table 1; figure 1b). In the analyses of nestling colour that follow, we focus on the colour variables that showed significant differences between the sexes (chroma and hue of tail and chroma of breast).
Male offspring were also heavier (males: 11.09 ± 0.14 g; females: 10.50 ± 0.11 g; n = 39, t = 6.90, p , 0.001) and had longer wings (males: 53.7 ± 0.3 mm; females: 52.6 ± 0.3 mm; n = 39, t = 4.45, p , 0.001) and tarsi (measured on day 14 since the tarsi are fully developed at this stage; males: 16.7 ± 0.1 mm; females: 16.2 ± 0.1 mm; n = 50, t = 9.51, p , 0.001) than their female nest-mates, whereas there was no significant difference in tail feather length (males: 36.0 ± 0.4 mm; females: 35.8 ± 0.4 mm; n = 39, t = 0.84, p = 0.41).
(c) Nestling condition and plumage coloration
There were significantly positive relationships between the chromas of the tail and breast feathers and body condition, when controlling for offspring sex (and vane length in the case of tail chroma) (table 2; figure 2). Tail hue did not correlate significantly with body condition (table 2) . Inspection of residual plots revealed three clear outliers in the tail hue measurements (more than five standard deviations above average). After removing these three data points, there was a weak but significant negative relationship between body condition and the hue of the tail feathers (x 2 = 4.45, d.f. = 1, p = 0.035, effect size ± s.e. = 21.17 ± 0.56; sex and vane length also included in the model). There were no significant interaction effects between offspring sex and either body condition or vane length in any of these models (all p . 0.19). Table 2 also shows that, after controlling for differences in body condition between the sexes, males were still substantially more chromatic in both tail and breast coloration, and they had a more UV-shifted tail hue than females.
Proc. R. Soc. Lond. B (2003) (d ) Genetic effects on nestling coloration
There was a significant effect of paternity (sire) on the hue of the tail feathers (table 3) but not on the other two colour variables (both p . 0.45). The largest fraction of the overall tail-hue variance was the result of differences within sib groups (table 3) . However, the variance component resulting from sire (between sib groups) was about the same as that resulting from environmental and parental effects (between nests). Residual plots revealed one clear outlier (more than five standard deviations above average), the removal of which resulted in a less strong but still significant sire effect (x 2 = 5.6, d.f. = 1, p = 0.018). Using the raw data (instead of standardized values for each sex) and adding sex as a factor in the models gave similar results (sire effect with the outlier: p = 0.003; without the outlier: p = 0.023). Furthermore, adding body condition to these models does not influence the conclusion that there are genetic effects on tail hue (data not shown). Figure 1a shows that the spectral shape of the tail coloration is very different in nestlings and adults, which suggests that their tail hues are not directly comparable. Hence, to explore the relationship between the coloration of nestlings and their foster versus their genetic fathers, we correlated the difference in hue between social and extra-pair fathers with the difference in hue between extraand within-pair offspring. If tail hue were heritable, we would expect a positive correlation. Using a sample of 14 broods for which we had colour data from both social and extra-pair males, and their respective offspring, we indeed found a positive, albeit not significant ( p = 0.085), correlation (figure 3).
DISCUSSION
Spectrometry revealed that blue tit nestlings are highly sexually dichromatic. Males were more chromatic than females in the tail and breast feathers, and had a more UV-shifted hue in the tail feathers. Chick-feeding adults from the same population showed a qualitatively similar sexual dichromatism in tail colour, but not in breast coloration. Comparisons of the values of colour measurements Table 2 . REML models (with nest-box as a random effect) testing the effects of nestling sex and body condition on the chroma and hue of their tail and the chroma of their breast feathers. Tail feather vane length was also included in the models involving tail feather coloration to control for feather development. in adults and nestlings (table 1) reveal some clear differences, which are also apparent from the differences in the spectral shapes of the curves (figure 1). Nestlings had a higher brightness and a lower chroma of the breast plumage and a more UV-shifted hue and lower chroma of the tail plumage. Interestingly, the peak tail reflectances at 326 and 329 nm for male and female nestlings, respectively, are substantially lower than in adult tails (this study) and freshly moulted crown plumage (359-370 nm; Ö rnborg et al. 2002) .
We found strong evidence for condition dependence of nestling plumage coloration. Even after controlling for sex and feather development, heavier nestlings were more chromatic in both tail and breast plumage, and tended to have a more UV-shifted tail hue. Since condition was estimated on day 14, which is around the time when breast feathers are becoming fully developed and before the colourful parts of the tail feathers have developed, it is unlikely that our results reflect differential parental investment in colourful nestlings. Thus, there appear to be physiological constraints on the development of both pigmentary and structural coloration. Assuming that similar constraints act on adult plumage development, these results have important implications for the study of avian plumage coloration. First, they bridge the gap between the large number of studies showing that structural colours are important in mate choice (Andersson & Amundsen 1997; Bennett et al. 1997; Andersson et al. 1998; Johnsen et al. 1998; Hunt et al. 1999; Siitari et al. 2002) and the low number of studies indicating that such signals are costly to produce (Keyser & Hill 1999; Doucet 2002) . Second, the positive relationship between body condition and yellow chroma suggests that the carotenoids involved (lutein and zeaxanthin) are limiting resources (via access, uptake or allocation; Olson & Owens 1998) , even for birds living in deciduous forests, despite the apparent abundance of these carotenoids in leaf-eating lepidopteran larvae (Partali et al. 1987) , the main diet also for this blue tit population (B. Kempenaers, unpublished data) . This supports previous studies that have indicated environmental constraints on the expression of yellow plumage in birds (Slagsvold & Lifjeld 1985; Hõ rak et al. 2000; Fitze et al. 2003) . In other words, plumages based on directly deposited yellow carotenoids might also be candidates for honest signalling in birds, although they are less obviously Figure 3 . Relationship between the difference in tail hue between extra-pair male and social male (extra-pair male2social male) and the difference in tail hue between half-siblings (mean of extra-pair offspring2mean of withinpair offspring). Spearman's correlation r s = 0.48, n = 14, p = 0.085. Nestling tail hue estimates were standardized within each sex so that the sexes could be pooled. The linear regression line is shown.
costly than those based on red metabolically modified carotenoids (Hill 1996) .
Maternal half-sibling comparisons revealed that nestling tail feather hue was influenced by paternally inherited genes, whereas none of the other sexually dichromatic traits showed evidence of a genetic component. This result is unlikely to have been confounded by differential allocation (Sheldon 2000) , since there is no evidence to suggest that between (i) males can discriminate their own offspring and extra-pair offspring (Kempenaers & Sheldon 1996) ; or (ii) females are able to allocate resources differentially to eggs sired by different males within a clutch. To our knowledge, this is the first study to demonstrate a genetic effect on the expression of a structural colour. Given the genetic component in nestling tail hue, it seems likely to remain (although perhaps reduced) in adult coloration, but this remains to be shown. The non-significant tendency for a congruent difference in tail hue between extra-pair versus within-pair sires and their respective offspring in the brood (figure 3) also suggests that tail hue is heritable, although a larger sample is required to estimate the heritability of this trait confidently.
Sexual dichromatism in nestling birds has received little attention and its adaptive significance is unknown. Potential functions include signalling to the parents in the nest or outside the nest during the post-fledging period, which may be advantageous if parents adjust their feeding pattern according to the characteristics of their offspring (Lyon et al. 1994; Slagsvold et al. 1994) . Given the low light levels inside our nest-boxes, with their small entrance holes, a signalling function in the post-fledging period seems more likely. However, there might be sufficient light in natural cavities, the conditions under which the potential signalling has evolved. Alternatively, the juvenile plumage colour might be a status signal used in contest competition over territories during early autumn, or even mate attraction at this time. Finally, sexual dichromatism in the nestling stage might be a result of different developmental pathways for the sexes that have been selected for by plumage-related mating success at the adult stage. Blue tits retain a variable number of tail feathers during the first moult (11-50% retain all juvenile tail feathers whereas 3-30% moult all of them, depending on the population; details in Cramp & Perrins (1993, p. 245) ). This implies that the first breeding plumage is in part produced during the nestling stage, which thus might respond to sexually selected dichromatism.
To summarize, the chroma of both the yellow underparts and the UV/blue tail feathers of blue tit nestlings is largely influenced by (or at least covaries with) their condition at the time of feather development, whereas the hue of the tail feathers is relatively more genetically determined. Different components of the colour ornament might therefore give different information to receivers. We conclude that the blue tit nestling is an excellent model organism for studies of the ontogeny of sexual colour ornamentation and the relative importance of environmental and genetic influences on structural as well as carotenoid-based plumage ornamentation.
